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Several observations, including studies from this laboratory, demonstrate that asbestos generates
free radicals in the biological system that may play a role in the manifestation of asbestos-related
cytotoxicity and carcinogenicity. It has also been demonstrated that iron associated with asbestos
plays an important role in the asbestos-mediated generation of reactive oxygen species.
Exposure to asbestos leads to degradation of heme proteins such as cytochrome P450-releasing
heme in cytosol. Our simulation experiments in the presence of heme show that such asbestos-
released heme may increase lipid peroxidation and can cause DNA damage. Further, heme and
horseradish peroxidase (HRP) can cause extensive DNA damage in the presence ofasbestos and
hydrogen peroxide/organic peroxide/hydroperoxides. HRP catalyzes oxidation reactions in a
manner similar to that of prostaglandin H synthetase. Iron released from asbestos is only partially
responsible for DNA damage. However, our studies indicate that DNA damage mediated by
asbestos in vivo may be caused by a combination of effects such as the release and participation
of iron, heme, and heme moiety of prostaglandin H synthetase in free radical generation from
peroxides and hydroperoxides. Environ Health Perspect 105(Suppl 5):1 109-1112 (1997)
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Introduction
Asbestos, a solid-phase carcinogen, causes
pleural and peritoneal mesothelioma and
bronchogenic carcinoma. The exact mech-
anism(s) by which asbestos causes these
effects has not been fully defined (1).
Several observations, including studies
from ourlaboratory, showthat asbestos gen-
erates free radicals in the biological system
that may play a role in the manifestation of
asbestos-related cytotoxicity and carcino-
genicity (2). Incubation of asbestos with
phagocytes generates oxygen free radicals
(3,4). Cultured mesothelial cells are ten
times more sensitive than normal human
bronchial epithelial cells to toxic effects of
asbestos fiber (5); however, relative
toxicity ofoxygen radicals to the two sys-
tems is not known. Asbestos produces
DNA damage that has been characterized
by increased chromosomal aberrations,
8-hydroxy-2'-deoxyguanosine formation,
and increased DNA fidelity, as measured
bymeltingtemperature profiles (6-8).
We have recently shown that in a
predisposed situation ofaugmented perox-
ide formation, asbestos exposure further
enhances oxidative DNA damage (2). It
has also been shown that iron associated
with asbestos plays an important role in
generation ofasbestos-mediated reactive
oxygen species (ROS) (9). Iron released
from asbestos acting as Fenton's reagent
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catalyzes free radical formation (4). In
this study we propose that iron released
from asbestos under in vivoconditions may
not be the sole agent responsible for pro-
ducing oxidative modifications in DNA
but heme mayproduce similareffects as can
be observed by the redox active iron.
Alternatively, heme may produce similar
effects as can be observed bythe redoxactive
iron. In previous studies, we have shown
that exposure ofasbestos leads to degrada-
tion ofheme protein and release ofheme by
cytochrome P450 with the concomitant
increase in lipid peroxidation. Heme cat-
alyzes formation of free radicals from
organic peroxides and hydroperoxides (2).
In this study, we show that heme and heme
protein can cause extensive DNAdamage in
the presence ofasbestos. We observed the
involvement ofheme-catalyzed ROS by
using various ROS quenchers. Our results
suggest that heme may be an important
factor in oxidative DNA injury during
asbestos-mediated carcinogenesis.
Materials and Methods
Chemicals
Calfthymus DNA (sodium salt, average
molecular weight of one million) was
obtained from Sigma Chemicals (St. Louis,
MO) and used without further purifica-
tion. SI nuclease was purchased from
Bethesda Laboratories (Bethesda, MD).
Hydrogen peroxide (H202), benzoyl per-
oxide (BOOB), tertiary-butyl hydroperox-
ide (tert-BOOH), cumene hydroperoxide
(COOH), 2,2-azo-bis-(isobutyronitrile)
(ABIN), and all otherchemicals or reagents
usedwere ofanalytical grade and were pur-
chased from Sisco Research Laboratory
(Bombay, India) or Spectrochem Pvt
(Bombay, India).
Dust
Union Internationale Contre le Cancer
chrysotile and crocidolite reference asbestos
samples of30 pm particle size were a gift
from J.B. Leinweber Uohn Manville Mills,
CA). Indian chrysotile mined at Cuddapah,
Andhra Pradesh, India, was obtained from
Andhra Pradesh Mining Corporation
(Hyderabad, India). Indian chrysotile fiber
size (30 pm) was prepared according to the
procedure followedbyZaidi (10).
Experimental Protocol
Preparation ofDNA. A stock solution of
DNA (2 mg/mil) was prepared bydissolving
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in an appropriate volume of tris-HCl
buffer (1 mM, pH 7.5), NaCl (10 mM),
and EDTA (2x 104 M) (TNE).
Isolation and Treatment of
Microsomes with Dust. Rat lung micro-
somes were obtained according to the pro-
cedure described by Rahman et al. (11).
Microsomes were incubated with dust sam-
ples (1 mg/ml) at 37°C for 20 hr with
occasional shaking in a water bath. After
incubation, 2.5 ml phosphate buffer (100
mM, pH 7.4) was added. The samples were
centrifuged at 105,000xgfor 60 min in an
ultracentrifuge and the supernatant obtained
used as described in "Incubation System."
Incubation System
DNA (1 mg/ml) in a total volume of2 ml
was incubated with crocidolite (1 mg/ml)
along with the heme (50 pm), horseradish
peroxidase (HRP) (100-200 units), and
degradation products ofdust-treated and
dust-untreated lung microsomes ofrats and
different peroxides/hydroperoxides-namely
H202, BOOB, COOHs, tert-BOOHs,
and ABINs-at a final concentration of40
mM in phosphate buffer (100 mM, pH
7.4). Various peroxides and hydroperox-
ides were chosen in this study because they
mimic the lipid peroxides and hydroperox-
ides that are generated during excessive
lipid peroxidation in lung microsome
experiments. Dust was added separately at
the time ofincubation because microsomes
were already pretreated with asbestos as
described above.
Assay ofS1 Nuclease Activity. The
activity ofSI nuclease was assayed by esti-
mating the acid-soluble nucleotide released
from DNA as a result ofenzymatic diges-
tion. The reaction mixture (final volume,
1 ml) contained 600 pg of substrate
(native, denatured, or dust, and peroxide-
treated DNA) in acetate buffer (100 mM,
pH 4.5) containing ZnSO4 (1mM) and
enzyme SI nuclease (100 units). The reac-
tion mixture was incubated at 370C for
2 hr. At the end ofthe incubation period,
the reaction was terminated by adding
0.2 ml ofbovine serum albumin (10 mg/mI)
(mixed thoroughly by shaking and fol-
lowed by 1 ml ofice-cold 14% perchloric
acid). The reaction mixture was kept for 1
hr at 40C and centrifuged to remove the
precipitated protein and undigested DNA.
The acid-soluble nucleotides were deter-
mined by the diphenylamine method used
by Schneider (12).
Determination of Thiobarbituric
Acid-reacting Species. The deoxyribose
oxidation was monitored by the method of
Gutteridge and Wilkins (13) but with
small modifications. Damage to the
deoxyribose sugar moiety of DNA was
assessed by determining the thiobarbituric
acid-reacting product formed when incu-
bating DNA with dust and peroxides. The
reaction mixture (total volume, 2.5 ml)
contained 640 pg of substrate (native,
denatured, or dust/peroxides, and dust
and peroxide-treated DNA) and 1 ml of
thiobarbituric acid (pH 7.0).
Results
Like iron, several iron-containing proteins
such as heme and those that contain heme
as a prosthetic group, e.g., prostaglandin H
synthetase, catalyze the formation of free
radicals from peroxides (2). Therefore, we
demonstrated the effect of HRP, a heme-
containing enzyme similar to prostaglandin
H synthetase, on the asbestos- and perox-
ide-mediated degradation of DNA. The
peroxides mimic lipid peroxides, which
may be generated in excess in a tissue
under conditions of oxidative stress. As
shown in Table 1, HRP significantly aug-
ments asbestos-mediated DNA damage in
the presence ofhydroperoxides and perox-
ides. Maximum damage was observed in
the presence ofH202. All other peroxides/
hydroperoxides appeared to cause much
less damage. The presence of hydrogen
peroxide increased damage to sugar moiety
appreciably, and this was further increased
with the addition ofHRP. Other peroxides,
however, did not produce sugar damage, as
shown in Table 2.
To further evaluate whether the heme
liberated from degradation of microsomes
following asbestos treatment had similar
damaging effect on DNA as observed in
the presence of purified heme, further
studies were conducted. The data for heme
alone are not shown. The results of these
studies are tabulated in Tables 3 and 4.
Heme liberated from microsomal prepara-
tions enhanced DNA degradation, which
was similar to results observed using puri-
fied heme. As shown in Table 3, maximum
damage was observed in the presence of
H202. H202 and ABIN were the only per-
oxidants that caused damage to the sugar
moiety ofthe DNA, as shown in Table 4.
Discussion
It has beenproposed that the ROS generated
by a fiber directly or by activated phago-
cytic cells acts as a second messenger to
elaborate the cytotoxicity and carcinogenic-
ity ofasbestos. Iron plays an important role
in ROS generation. Surface characteristics
ofasbestos fibers and the presence ofconta-
minating iron determine the toxic potential
Table 2. The effect of horseradish peroxidase on dam-
age to the deoxyribose moiety of DNA by crocidolite in
the presence ofhydrogen peroxide.
TBA reactive products
formed after
20 hr incubation
Incubation system at 37°C, nmol
DNA 0.00
DNA+ HRP 0.00
DNA + crocidolite 0.00
DNA + crocidolite + HRP 0.00
DNA+ H202 0.00
DNA+ crocidolite + H202 3.42±0.27
DNA+ crocodolite + H202 + HRP 5.34± 0.36*
TBA, thiobarbituric acid. *p<0.05 when compared to
DNA + crocidolite + H202 data. The data represent
mean ±SE (n=6). The treatment protocols of DNA
samples with crocidolite in presence of H202 and HRP
followed by determination of TBA-reacting species are
given in the text.
Table 1. Dose-dependent effect of horseradish peroxide on the S1 nuclease hydrolysis of crocidolite-treated DNA in the presence ofvarious peroxides and hydroperoxides.
DNA hydrolyzed, %
Incubation system Controls + H202 +COOH + tert-BOOH + BOOH +ABIN
DNA 1.30±0.06 3.10±0.16 2.90±0.88 1.82±0.09 1.20±0.04 3.50±0.19
DNA+ crocidolite 1.20±0.05 40.54±2.10 33.58±1.88 18.95 1.89 24.50±1.47 26.92± 1.85
DNA + HRP(100 U) 2.60±0.14 - -
DNA + HRP(200 U) 2.70±0.18 - - - --
DNA + crocidolite + HRP (100 U) 2.80±0.14* 54.73±2.18* 42.18±2.00* 25.56 2.10* 29.16± 1.82* 35.65± 2.71
DNA + crocidolite + HRP(200 U) 3.04±0.13* 67.34±3.20* 50.05±2.25* 35.29 1.76* 39.61 ±2.20* 44.29±2.36
*p<0.001 when compared to DNA alone or DNA+crocidolite alone. The data representmean±SE (n=6). The treatment protocols of DNA samples with dust in the presence
ofvarious peroxides, hydroperoxides, and HRPs are given in the text.
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Table 3. Effect of peroxides and hydroperoxides on S1 nuclease hydrolysis of DNAtreated with crocidolite-induced degradation products of lung microsomes.
DNA hydrolyzed, %
Incubation system Controls +H202 +COOH + tert-BOOH +BOOB +ABIN
DNA 1.44±0.07 6.00±0.39 5.30±0.30 4.90±0.29 4.50±0.27 6.08±0.45
DNA+ untreated microsomes 2.16±0.14 6.12±0.34 3.24±0.21 1.72±0.11 3.60±0.21 5.04±0.45
DNA+crocidolite-treated microsomes 8.68±0.54* 86.06±6.02* 28.08±2.24* 8.64±0.59* 21.24± 1.27* 23.04± 1.38
*p<0.001 when compared to DNA alone or DNA + untreated microsomes. The data represent mean ±SE (n=6). The treatment protocols of DNA samples with untreated and
crocidolite-treated microsomes in the presence ofvarious peroxides and hyperperoxides are given in the text.
Table 4. Effect of peroxides and hydroperoxides on damage to the deoxyribose sugar moiety of DNA by crocido-
lite-induced degradation products of lung microsomes.
DNA hydrolyzed, %
Incubation system Controls + H202 + COOH +tert-BOOH + BOOB +ABIN
DNA 0.00 0.00 0.00 0.00 0.00 0.00
DNA + untreated microsomes 0.00 0.00 0.00 0.00 0.00 0.00
DNA + crocidolite-treated microsomes 0.00 1.92±0.09 0.00 0.00 0.00 1.08±0.07
The data represent mean ±SE (n=6). The treatment protocols of DNA samples with untreated and crocidolite-
treated microsomes in presence ofvarious peroxides and hyperperoxides are given in the text.
ofthe fiber (14). Iron acts as a promoter in
experimental chemical carcinogenesis and
in the development ofhuman neoplasm, as
is also concluded in a number ofepidemio-
logical studies (4). In light ofthese observa-
tions, the high carcinogenicity of the
iron-rich variety of asbestos, crocidolite,
compared to that ofthe low iron variety,
chrysotile, is explained. Cationic iron plays
a major role in fiber particle uptake by tra-
cheobronchial epithelia and the uptake of
fiber particles is also related to iron-medi-
ated enhancement oflipid peroxidation.
However, the mechanism through which
free radicals are generated by asbestos fibers
may not be dependent solely on leachable
iron present in asbestos. In our previous
study, it was shown that asbestos exposure
leads to the degradation ofheme proteins
such as cytochrome P450, with concomi-
tant release ofheme into the system (11).
Heme also catalyzes free radical generation
from peroxides and hydroperoxides. More
recently, we demonstrated that asbestos-
mediated DNA damage is enhanced in the
presence ofperoxides and hydroperoxides.
Therefore, the role ofheme in catalyzing
asbestos and peroxide-mediated damage to
DNA was evaluated as a putative mecha-
nism for in vivo DNA damage following
asbestos exposure. Heme accumulation in
the nucleus has been suggested to be a
transacting factor for the transcriptional
regulation of heme proteins. However,
under the oxidative tone, implications for
the accumulation ofheme in the nucleus
may be dangerous. Results of this study
demonstrate the augmentation effect of
heme on asbestos- and peroxide-mediated
DNA damage. To simulate asbestos-medi-
ated DNAdamage in the in vivosituations,
experiments were conducted on DNA
damage in the presence of microsomes
treated with asbestos. Microsomes contain
heme protein and cytochrome P450 and
release heme on their degradation. Results
ofthese studies indicated augmentation of
DNA damage as measured by DNA strand
breaks and oxidation ofdeoxyribose sugar
moiety in a fashion similar to that observed
with purified heme (data not shown). To
further elucidate the role of heme in
catalyzing asbestos-mediated DNA dam-
age, the reactions were carried out in the
presence of a heme protein, HRP. HRP
catalyzes oxidation reactions in a manner
similar to that of prostaglandin H syn-
thetase. The prosthetic group of HRP is
similar to the heme prosthetic group of
prostaglandin H synthetase and both the
proteins catalyze two-electron reduction of
hydroperoxides. Prostaglandin H synthetase
is widely distributed in mammalian tissues
and is an abundant accessory protein
located mainly in the endoplasmic reticu-
lum and nuclear membranes. Results of
this study suggest that the presence of
HRP exacerbates DNA damage, support-
ing the hypothesis that free radicals gener-
ated as a result ofperoxide reduction by
the heme prosthetic group ofHRP may be
involved in asbestos-induced DNA dam-
age. The heme-catalyzed DNA damage was
similar to that catalyzed by HRP, but the
magnitude ofthe damage was much higher
in HRP-catalyzed reaction. These observa-
tions suggest that asbestos-mediated DNA
damage leading to mesothelioma may
involve a nuclear heme pool as well as
prostaglandin H synthetase or a similar
heme containing proteins in the many reac-
tions responsible for generation of DNA-
damaging reactive oxygen metabolites.
Experiment results presented in this
study suggest that leachable iron from
asbestos is responsible for DNA damage in
part as desferal, a specific chelator of iron
only partially able to suppress DNA dam-
age (data not shown). It is proposed, there-
fore, that DNA damage mediated by
asbestos in vivo may be attributable to a
combination of effects that include the
release of heme and the participation of
heme and a heme moiety ofprostaglandin
H synthetase in catalyzing free radical
generation from peroxides.
In conclusion, our studies indicate that
asbestos by generating ROS through iron-
and/or heme- and/or prostaglandin H syn-
thetase-catalyzed decomposition ofperox-
ides and hydroperoxides may cause DNA
damage. Unlike other carcinogens that
produce malignant transformations either
by binding to or alkylating DNA, asbestos
may act through a different mechanism.
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